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Spectra of Cosmic Rays (CRs), and particularly their features, contain a lot of important infor-
mation about the astro-particle physics and the fundamental physics. Realizing that the 4 PeV knee
of CR nuclei and the 1 TeV spectral cutoff of the electron share almost a same Lorentz factor, we
propose that CRs experience a threshold interaction with a new light particle X abundant in the
Galaxy. The interaction CR + X −→ CR + X ′ can take place when the effective energy is
sufficient to convert it into another heavier unknown particle X ′ (as a representative to all possible
threshold inelastic interactions). Under this scenario, we can reproduce the spectral break for both
the nuclei and the electron, and predict a zig-zag spectrum for them. Given that there are great
uncertainties in experiments, our model accommodates a wide mass range of the X from ultra low
value to around 1 eV.
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I. INTRODUCTION
The origin of the CR knee around 4 PeV has remained
a puzzle since its discovery [1]. In general, three types of
mechanism have been proposed, including the accelera-
tion limit of the CR sources [2–5], the diffusion process
of the galactic CRs [6, 7], or the energy loss with the
radiation background at the source location [8, 9].
In the last decade, much efforts have been paid on
the individual CR species measurement. The knee of
the light species at 3-5 PeV is observed by KASCADE-
Grande [10], while the ARGO-YBJ and a Cherenkov
telescope of LHAASO measure the H+He knee at 700
TeV[11]. Meanwhile, a heavy knee (mainly by iron) is
also published by the KASCADE-Grande at 80 PeV [12].
Within the experimental uncertainties, we find both the
light and heavy CR species share a common Lorentz fac-
tor at the order of 106.
Recently, the electron spectrum has been measured up
to about 20 TeV [13–18]. It can be described by a bro-
ken power law with an index about -3.1 before ∼ 1 TeV
and nearly -4.1 after ∼ 1 TeV [13]. In the past years,
much attention has been paid to the excesses of the elec-
tron and the positron including both the dark matter
([19] and references therein) and the astrophysics origin
[20–27]. Several studies attribute this spectral break to
the acceleration limit or the confinement at source [28–
31], the energy loss during propagation [32, 33], or the
contribution from nearby pulsars [34].
The energy scale of the CR knee and the electron cutoff
are quite different, which is reasonable to be explained
with independent processes. But it should be noticed
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that both PeV CR nuclei and TeV electrons have almost
a same Lorentz factor γ around 106. So it is possible that
these similar spectral features share a common origin.
This work will try to explore this possibility.
II. MODEL CONSTRUCTION
A. Model Description
Suppose that these spectral breaks with a same
Lorentz factor does make a physical sense, a natural ex-
planation is to associate it with a threshold interaction.
The well-known GZK effect [35] is a threshold interaction
γ → pi0, pi+ and predicts CR’s ∼ 50-EeV cutoff. This
prediction is consistent with the observation from HiRes
[36], the Pierre Auger Observatory [37] and the Telescope
Array [38]. Similar threshold process γ → e+, e− can
also be used to explain the spectral knee [8, 9]. How-
ever, the e+e− pair production process is not sufficient
if it occurs in the whole Galaxy. Considering its cross
section with 1 eV photon is ∼ 10 mb, together with the
CR electron’s lifetime ∼ 105 years in Galaxy, at least
104 cm−3 are required for one collision. In fact, the ob-
served number density of 1 eV photons is only 1 cm−3.
Hence, we propose that there exists a kind of new parti-
cle X widespread in the Galaxy and it can interact with
CRs as
CR + X −→ CR + X′ (1)
where X′ represents the product after collision and is
much heavier than the X .
The particle X in the Galaxy can be either relativistic
or non-relativistic, which has no influence on the spectral
break. In order to account the minimal energy budget
for the X ’s production, it is set to be non-relativistic,
i.e. vX = 0 simply. Assuming the CR knee and the elec-
tron cutoff are not a recent phenomenon, the X particle
2should have a very long life time, which is possibly at a
cosmological level. Thus, according to the interaction in
Eq. 1, the threshold of CR is derived as
Eth =
mX′
mX
(mCR +
1
2
mX′ − m
2
X
2mX′
) (2)
In the Eq. 2, the Lorentz factor γ at the threshold
will approximate to mX′/mX when both mX and mX′
are much less than mCR. By assuming the major com-
position at knee is Helium, the ratio mX′/mX can thus
be evaluated as 106. On the other hand, the interaction
of Eq. 2 does not consider the dissociation effect of CR
nuclei. In the case mX < 1 eV the collision energy will
not exceed the CR nuclei’s binding energy around the
threshold. Therefore we leave it out of consideration in
this work.
Moreover, the non-threshold interactions between the
CR and the X will take place in the total energy range.
Two typical processes includes the conversion into pho-
tons,
CR + X −→ CR + γ (3)
and the elastic collision of the X .
CR + X −→ CR + X (4)
If both of them play the essential role, the effect of the
interaction Eq. 2 will be highly suppressed. Hence, some
properties should be introduced to the X to eliminate
their effects. The interaction in Eq. 3 will be forbidden
if both the X and the X ′ bear a same conserved quantum
number. On the other hand, in the case that the X ′ has
a much stronger coupling than the X , the interaction in
Eq. 4 will be less important. It should be noted such
an coupling is similar to the axion model [39, 40], whose
strength depends on the axion’s mass. And as will be
seen later, the X ’s mass range covers the axion. Under
these assumptions, the non-threshold interactions are not
considered in the calculation.
B. Calculation Algorithm
Dynamic modeling is beyond the scope of this work, we
only calculate the kinetic effect of this model by perform-
ing the Monte Carlo (MC) method. In the consideration
for a simple model, cross sections are set to be constants
σe for the electron and A
2σP for the nuclei above the
threshold energy, where A is the mass number and A2
is used cosidering the coherence of the nucleons. More-
over, final particles after the interaction are assumed to
have an isotropic angular distribution in the central-mass
frame. Suppose that the Xs may be coherent, the inter-
action rate can be enhanced and we introduce a enhanced
factor η on the cross section.
Denote the number density of the X in the galaxy by
nx, and the mean free time of the interaction by τA for
the nuclei and τe for the electron. Then we can evaluate
τA = 1/nxA
2ησP c, and τe = 1/nxησec. The total life
time of CRs confines the total interaction times before
arriving at the observer. And it is estimated as τesc(R) ∼
2 × 108( R
1 GV
)−0.6 yr [41] for the nuclei and 105 yr [42]
for the electron, given that we only concern the electron
around 1 TeV. The escape time τesc(R) depends on the
the Boron to Carbon flux ratio measurement. And AMS-
02 fits the power index with -0.333 from 1.9 GV to 2.6
TV [43], which indicates τesc(R) ∝ R−0.333. We find that
such a change does not substantially modify our results,
except lowering the fitting cross section by about one
order of magnitude.
As a common view, CR’s propagation process in the
Galaxy is regarded as a major magnetic-governed diffu-
sion process [44], where the secondary productions and
energy loss processes can take place during the propaga-
tion. The diffusion process affects the observed spectrum
by a soften index, which depends on the diffusion coef-
ficient. And the energy-loss processes such as Inverse
Compton scattering and synchrotron radiation has a se-
vere impact on the observed electron spectrum. Actu-
ally, as measured by AMS-02 [45], the e+ + e− spectrum
presents a well single power law with the index ∼ −3.17
before 800 GeV. Hence, we can deal with the propagation
effect and the interaction with the X separately for sim-
plicity. In the calculation, the single power-law spectra
is injected primarily as the representative of the spectra
after the CR’s transport.
There are three free parameters need to be adjusted,
including the X ’s mass mx, the interaction parameters
ηnxσP for the proton, and ηnxσe for the electron. Detail
information of the calculation and the results are shown
in the next section.
III. CALCULATIONS AND RESULTS
A. All Particle Spectrum
In the calculation of the CR nuclei, major species from
the P to Fe are injected into an X-abundant space with
the spectra suggested by Horandel [46]. Under the fact
that mX′ ≪ mCR, we find that the final nuclei spec-
tra show no dependence on the input mass mX . So a
representative mass 1 eV is calculated as an illustration
and the parameter ηnxσP is tuned as 4× 10−21 cm−1 to
explain the data.
The direct MC calculation result for He is illustrated
in the left panel of Fig. 1 with the red dashed line and
presents a sharp peak at the threshold. This peak is
caused by the pile-up effect from the lost particles at
higher energy originally. It can be derived that its aver-
age energy loss < △E > is about γ2mX ∼ TeV at the
threshold. Accordingly, the width of the peak is at the
order of TeV.
On the other hand, considering the actual energy res-
olution for experiments, we should not expect to observe
3the peak anyway. If the energy resolution cab can be
described by a gaussian distribution, the observed spec-
tra through the formula can be obtained by the following
integration
Fobs(E) =
∫
Ftrue(E0)
1√
2piσres
exp
[
− (E − E0)
2
2σ2res
]
dE0
(5)
Where the parameter σres denotes the energy resolution
with an approximate value 20%E0 standing for a typical
experiment, variable E0 denote the true energy while E
the observed energy, and Ftrue the true flux. The ex-
pected observation for the Helium is illustrated in the
left panel of Fig. 1 with black solid line, and its peak is
thus wiped off.
The right panel of Fig. 1 illustrates the spectra of all-
particle and the main element, including P, He, CNO,
and Fe. It can be seen that the all-particle spectrum
agrees well with the observation below 60 PeV. Moreover,
the zig-zag shape appears at the threshold for each nuclei
specie, which is a typical characteristic of the threshold
interaction. Such an interaction causes a spectral defor-
mation due to the energy loss, which can be estimated
simply
N(E) ∝
{
E−α, E < Eth
(E + τesc
τA
< △E >)−α, E > Eth
(6)
The parameter α denotes the injected spectral index. No-
ticed that < △E >∼ γ2mX , where γ = E/mCR, it can
be derived that the spectrum above the threshold will get
softer than that below the threshold. Therefore, a knee-
like feature is naturally formed. Besides, the parameter
τesc is energy-dependent, and it has an impact on the
observed spectrum as well.
B. Electron Spectrum
Considering that the electron mass is much smaller
than the CR nuclei, the calculated break position of the
electron will be sensitive to the mX . In the Fig. 2, we
plot the calculated electron spectra with a set of mX
from 1 eV to 0.01 eV. As the mX decreases, the break
position varies from 1 TeV to 500 GeV according to Eq.
2, together with a gradually prominent peak. When
mX ≪ me, the calculated electron spectrum will behave
similar to the CR nuclei accordingly.
Next, a more realistic calculation for the electron is im-
plemented to explain the experiments. Considering the
high precision electron spectrum from AMS-02 [50], We
adopt the primarily injecting electron spectrum by fitting
to the AMS02’s result between 30 GeV and 300 GeV in
an index ∼ −3.17. And the effect of the energy resolution
is also considered as claimed by other experiments. No-
ticed that there are differences about the absolute flux
TABLE I: The fitting parameters.
parameters HESS VERITAS MAGIC ATIC Fermi
mx (eV) 1.6 0.7 1.4 0.4 1.1
ηnxσe 1.2 1.2 1.2 2.4 0.2
(×10−23 cm−1)
ξ 1.08 1.01 1.09 1 1
between the AMS-02 with others, it is considered that
they are caused by different energy scale for each exper-
iment. Then, we treat the AMS-02’s energy scale as the
standard one, and use parameter ξ to describe the rela-
tive energy scale. The calculation results of early HESS
[16, 51], VERITAS [52] and MAGIC [15] are shown in the
left panel in Fig. 3. And the calculation results agree well
with each experiment, together with the zig-zag feature
as shown in the CR nuclei.
Different from the ground-base experiments, both
Fermi-ALT [53] and ATIC [14] have low energy obser-
vations and are harder than the AMS-02. So we just use
their lower energy part as injection spectrum and results
are shown in the right panel in Fig. 3. The fitted parame-
ters of all the experiments are listed in Tab. I. Compared
with other experiments, the measurement of Fermi-LAT
shows a less prominent structure, and the fitted cross sec-
tion ηnxσe is one order of magnitude smaller. Meanwhile
the bump feature of ATIC experiment can be reproduced
when mx ∼ 0.4 eV. Thus, it can be seen that the mx is
very sensitive to the experiments. Results spreading from
0.4 eV to 1.6 eV indicates that the experimental uncer-
tainty of the mx is in an order of 1 eV. Namely, the true
mx can be any number from 0 to about 1 eV.
C. Modified Cross Section
Recently, both HESS [17] and DAMPE [18] experi-
ments publish their observations of electron spectrum
at TeV energies respectively. Compared with the early
result, the latest measurement of HESS shares a much
higher statistics. The former simplified cross section is
difficult to explain the latest spectrum. Moreover, ac-
cording to the precise result of DAMPE satellite, the
spectral break occurs at ∼ 900 GeV. To accommodate
with these latest observations, an energy-dependent cross
section is adopted which rises across the threshold and
asymptotically approaches to a constant. It takes the
form as
σ(E) =


0 , E < Eth
σ0
(
1− exp
[
− (E − Eth)
2Eth
])
, E > Eth
(7)
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FIG. 1: Left: the spectra of helium. The red solid line is the spectrum involving the interaction with particle X, while the
black line is the same one but taking the energy resolution of the detector into account, which is set to 20% here. Right: The
spectra of all-particle (black) and each component (including P(red), He(blue), CNO(yellow) and Fe(green) ), considering 20%
energy resolution. The data points are taken from Akeno [47](violet cross), Horandel [46](yellow triangle), Tibet-III [48](green
square) and IceTop [49](red circle) respectively.
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FIG. 2: The electron spectra after interacting with particle X of different masses. The black solid line is the original spectrum,
while the other lines correspond to the Monte Carlo calculation with different X masses mX respectively, i.e. 1 eV(blue dash),
0.5 eV(green short-dash), 0.1 eV(yellow dash-dot), 0.01 eV(red dot).
Where the parameter σ0 is the constant cross section as
ησP for the proton and ησe for the electron. The results
are shown in the left of Fig. 4 and the fitted parameters
are listed in Tab. II.
To test the effect of the energy-dependent cross section,
we re-compute the knee likewise, where the parameter
ηnxσP is fitted as 6 × 10−21 cm−1. And the result is
shown in the right of Fig. 4. Compared with the formerly
step-function cross section, the new calculation describes
the CR knee and electron’s cutoff equally well.
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FIG. 3: Left: The fitting to the observational results of early HESS [16, 51], VERITAS [52] and MAGIC [15], where the black
solid line is the fitting to different observational data, given the energy resolution and energy rescale. Right: The fitting to
the measurements of Fermi-LAT [53] and ATIC [14], where the black solid line is the fitting to different observational data,
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FIG. 4: The fit to the CR knee (left) and the latest electron spectra by HESS [17] and DAMPE [18] (right) with improve cross
section.
TABLE II: The fitting parameters of HESS 2017 and
DAMPE.
parameters HESS 2017 DAMPE
mx ( eV ) 1.07 1.07
ηnxσe 2 2.8
( ×10−23 cm−1 )
ξ 1 1
IV. CONCLUSIONS AND DISCUSSIONS
Notice that the CR knee and electron’s TeV spectral
break may share a common Lorentz factor, we introduce
a new threshold interaction with an unknown particle X
during CRs’ transport. Along with a simple model as-
sumption, both of these spectral breaks can be well repro-
duced. Moreover, our model predicts the A-dependent
6knee of the CR nuclei, not Z-dependent, which is an es-
sential characteristic for the future test on the spectral
measurement.
The major uncertainty of this model is the value of
the common Lorentz factor. Latest measurement from
ARGO [11] and KASCADE-Grande [12] indicates it
ranges from 0.7× 106 to 1.4× 106 with the energy reso-
lution around 25%. Latest measurements of the electron
reveal this value 1.4 − 1.8 × 106. In the case that the
Lorentz factor are precisely equal for both the CR nuclei
and the electron, the mass of the X is allowable for an
ultra light one, which covers the estimation of the axion
[39, 40, 54], axion-like particle [55, 56] and fuzzy dark
matter (DM) [57]. So precise measurement of spectra for
all components crossing their knee/cutoff region is im-
portant.
Considering the high abundance of the Xs in the
Galaxy, it is probable to regard the X particles as the
major DM candidate, whose local energy density is eval-
uated as ∼ 0.4 GeV/cm3 [58]. Accordingly, the en-
hanced cross sections are derived ∼ 10 µb for protons
and ∼ 100 nb for electrons. Latest measurement from
EDGES [59, 60] also suggest a much larger cross section
∼ 1000 b for the DM and baryons scattering.
As mentioned above, the particle X is allowable for
the ultra light DM. Current detections for the weak-
interaction massive particle, whose mass is expected
about 100 GeV, will not bring constraints on our model.
Besides, much efforts have been paid in searching for the
light DM axion, and their mainly searching channels are
through the axion couples with the electromagnetic field
[61–63]. Noted that a new conserved quantum number is
assumed on the particle X, those channels are forbidden.
An exotic feature of the axions is that they are proposed
to form a condensate with long-range correlation [54, 64].
As the momentum transfer q is ultra low, the number of
the coherent Xs within the corresponding volume is large
and the cross section is enhanced by η ∼ N2, where N is
the total X number in this volume. It is similar to the
coherent neutrino-nucleus scattering process [65]. In the
case that the X particle is at the scale of the fuzzy DM,
i.e. mx ∼ 10−22 eV, q is evaluated about 10−10 eV and
the corresponding region contains N ∼ 1046 X particles.
Therefore, any incoherent processes are beyond the cur-
rent detecting ability, such as the X particles produced on
the collider. The threshold requirement PeV for baryons
and TeV for electrons also limit the observation of both
the particle physics and astronomical experiments.
Furthermore, whether all CR components have a same
Lorentz factor is still questionable. Even if the mecha-
nism of the knee is different from the electron’s cutoff,
our model is still viable assuming the X particle inter-
acts only with the CR nuclei. Thus measurement about
whether the spectral breaks of individual CR species are
A-dependent is essential. Nevertheless, the detection for
the high-energy CRs provides a unique way to explore
the interactions with the ultra-light DM particles.
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